In this study, we used the Taguchi method to derive the optimal design parameters for the grooves formed on the upper surface of a circular cylinder. Using the derived values of the optimal design parameters, we created grooves on diphycercal the surfaces of a circular cylinder and analyzed the wake flow and the boundary-layer flow of the circular cylinder. The streamwise time mean velocity and turbulence intensity of the wake flow field were used as the characteristics. Based on these characteristics, the optimal design parameter values were selected: n ¼ 3, k ¼ 1.0 mm (k/d ¼ 2.5%), and h ¼ 60 deg. When the grooved cylinder was used, the streamwise time mean velocity in the wake of the cylinder showed 12.3% recovery, the wake width was reduced by 18.4% compared to the results from the smooth cylinder and we had 28.2% drag reduction from that of smooth cylinder. Also, the flow on the smooth cylinder separated at around 82 deg but the flow separation on a grooved cylinder appeared beyond 90 deg, that reducing the drag.
Introduction
1.1 Flow Control Method. As the environment became a paramount issue in recent years, forms of transportation, such as automobiles and airplanes, started being considered as major causes of environmental pollution. This created rising demand for the reduction of carbon dioxide emissions and for the improvement of fuel efficiency. Regarding automobile fuel, in particular, many studies on drag reduction are being carried out, since drag accounts for 50% of all automobile fuel consumption [1] .
The drag reduction achievable by controlling airflow over the surface of a structure not only prevents structural destruction, but also enhances the performance of the vehicle, considerably reducing energy consumption. Therefore, the application of flow field controls around the structure is very important topic of study in engineering [2] . Flow control is a technique that can be used to improve the efficiency of moving objects by changing the airflow over the boundary surface of the structure's wall, or the free shear flow. There are two types of flow control: passive control and active control [3] . Active control is achieved by applying additional external energy such as suction, blowing, acoustic excitation, and cylinder rotation. Passive control uses the modification of surface geometry or attachments such as control cylinders, trip wires, riblets, spiral strakes, and grooves. Passive control methods can be applied directly to address the problems of flow or to improve performance in industrial sites.
As a means of passive control, Lim et al. [4] found U-type longitudinal grooved surface reduced the drag coefficient compared with the smooth cylinder, and Igarashi [5] reported drag reduction mechanisms of circular cylinders relative to the optimal position of trip wires. Price [6] found that porous covers on a circular cylinder reduce the vibration caused by a vortex. According to other studies, however, spiral wire increases drag, and porous covers are not significantly effective beyond the transition region.
In general, the drag coefficient is lower with a sphere with sandy surface than one with a smooth surface in the lower range of the transition region (Re $ 3 Â 10 5 ). This is known because a sand-grained surface transforms the layered-flow boundary layer into a turbulent-flow boundary layer, delaying the separation of the flow. However, in the upper range of the transition region, the drag coefficient of the sand-grained sphere increases rapidly. On the contrary, unlike sand-grained spheres, dimpled spheres such as golf balls maintain consistent drag coefficients even above the transition range. This is because the width of the dimples is larger than that of sand grains and the flow over the dimple does not change much due to the cavity flow inside the dimple, disturbing the surface boundary layer and introducing kinetic energy, thereby delaying the separation of the flow.
Flow
Control by Indented Surface. Nature-inspired engineering recently became a focus of study in which researchers analyze the external morphology of organisms in nature to achieve optimal flow control effects. For example, a saguaro cactus that can survive harsh condition in windy environments, gave us a clue that grooves on the surface considerably reduce drag from the wind. Grooves are created on the surface of cable to reduce the wind drag. The Kansai Electric Power Corporation (KEPCO) designed a new power line structure by creating grooves on the exterior of power cables to reduce aerodynamic drag and air resistance, and save on construction costs. For examples of a grooved body, see Fig. 1 .
Bearman et al. [7] created dimples on the surface of a circular cylinder and measured the drag coefficient and Strouhal number within the range of the Reynolds number 2 Â 10 4 Re 3 Â 10 5 to derive optimal alignment conditions, and found that the change in drag coefficients showed similar trends as in spheres. Jack et al. [8] investigated the flow field past a cylindrical model with a cactus-shaped cross section in a wind tunnel using particle image velocimetry at a Reynolds number of $2 Â 10 5 and found the mean streamwise flow healed faster in its immediate wake, the wake turbulent velocity level was lower. of the grooves. Takeyoshi et al. [9] reported that a circular groove on the surface of a circular cylinder had maximum drag reduction effect when the position of the groove was at 80 deg. Shinichi et al. [10] examined the effect of the depth of grooves on the drag of circular cylinders and the change of flow field. See Table 1 for design parameters of grooves suggested in previous experiments.
Robarge et al. [11] experimented by creating a circular groove on NACA 0015, and found that the optimal depth of the groove is in the range of 0.6-1.0 times the thickness of the boundary layer, and that its optimal ratio against the width of the groove is 0.1-0.15.
These studies, however, have limitations in that they used only one groove, or covered the entire surface of the structure with many grooves, failing to consider the optimal number of grooves, sometimes creating too many grooves and requiring a higher cost of preparation, and lacking in esthetic value. Therefore, we attempted to study optimal conditions in terms of the number, the depth, and the angle of grooves to develop an optimal design method, as well as to achieve cost savings.
For these purposes, we applied the Taguchi method [12] , a method of experiment design that statistically considers the effects of a variety of qualitative design parameters, as a method of deriving optimal design conditions for grooves. The application of the Taguchi method to the optimization would not only allow us to avoid the convergence problem of repetitive interpretation that may arise from the numeric optimization process of direct search, and the problem of excessive time required for interpretation, but also to make in-depth interpretations of flow under the optimal conditions, as well.
Preceding studies concerned about the conditions for flow control focused only on the investigation of the flow performance under certain conditions, and there were no studies that attempted to find the optimal flow control condition. Ha et al. [13] used twoway factorial design methods and analysis of variance (ANOVA) to find the most influential factors for the measurement errors in determining the optimal position of grooves in their search for the Strouhal number of the wake of rectangular cylinders. In this study, we applied the Taguchi method to derive optimal values for the design parameters, such as the number, depth, and angle of the grooves. As evaluation characteristics, we considered average velocity on the downstream central line of the wake flow field, turbulence intensity and Reynolds stress that are directly related to the change in the wake flow field. We then performed measurements of the change of time mean velocity of the wake and wall plane flow near the surface of circular cylinder under the derived optimal conditions.
Experiment
2.1 Application of Taguchi Method. In this section, we will define the problems of optimal geometric design using the Taguchi method, with regard to the conditions for the creation of grooves on the surface of a circular cylinder. The Taguchi method is a method of statistical experiment design for the optimization of technology development and product design. Using this method in design production allows us to optimize the design parameters that can produce high performance, considering environmental variables. In order to apply the Taguchi method, characteristic properties that can be used as the product performance criteria should be selected as evaluation characteristics.
Designs of experiment (DOE) are generally classified into conventional DOE and design & analysis of computer experiment like space-filling DOE. Orthogonal array method used in this paper is a conventional one which has been applied to many other experiments. Though same design variables are used in real experiments, unsettled causes (noise factors) lead to different experiment results every time, producing random errors. Especially, the application of Optimal Design Technique to the flow problem accompanied by turbulence is likely to cause errors due to nonlinearity. Therefore, the design point was located close to the boundary to reduce the random error effect. The Taguchi Method in which Orthogonal Array Method was employed was used in this paper to draw effective results from real experiments. And a model was built to get optimal solution from real experiments. Wu et al. [14] attempted to obtain optimum parametric levels for robust design of the microbubble drag reduction in a turbulent channel flow. Considering the mean flow speed as an indicative factor, several controllable factors that influence the effect of microbubble drag reduction were investigated by using the Taguchi method and for the condition of optimum parametric levels, the effect of drag reduced could reach up to 21.6%. The drag coefficient (C d ) is commonly used as a characterizing property of flow, and the velocity distribution of the wake flow field is also considered for detailed understanding of flow control effects. Following the suggestion made by Landahl [15] that the drag of bluff body is related to the velocity of wake. Greiner [16] calculated the drag value by using the speed measured at wake through wind tunnel test and found that the value was in accordance with the direct drag value measured. Recently, Lim et al. [4] measured the speed at near-wake (x/d ¼ 4) after placing riblets on the surface of circumference and calculated the drag with momentum deficit by using streamwise mean velocity confirming that the value are square with total drag value directly measured. In this paper, the drag was evaluated not by directly measuring the drag of circumference, but by using the velocity distribution of nearwake flow field. The optimal design in this study was that of grooves for the reduction of structural resistance caused by drag (D) on the bluff body which is known to be proportional to the width of the structure and the difference of velocity [17] .
Here, b is the height of the cylinder, q is the density of air flow, u is flow velocity at the measurement point, and U o is free-stream velocity. As calculated from Eq. (1), the smaller the velocity at the measurement point and the deficit of velocity (U o À u), in other words, the larger the Du(u/U o ), the greater the recovery of velocity in the wake and the smaller the drag that caused onto the object.
Also, the turbulence intensity in the wake flow field is related to the structure of the vortex which affects the vibration of the structure. In general, downstream turbulence intensity caused by the vortex shedding in the wake of the circular cylinder initially shows dual-peak distribution, which gradually diminishes downstream until it appears as a single-peak. It is the result of the influences from the intensity of the introduced vortex and the vortex-forming region, and can be interpreted as the process of the transition from large vortex structure to smaller turbulence structure by the loss of energy, which also appears in the decreasing process of turbulence intensity. In addition, turbulence intensity is one of important factors to be used in analyzing the flow control effect because it has influence on the structure stability.
Next, design parameters such as the dimension and shape of the product should be selected. A number of ranges of each design parameter are defined as a number of levels. After defining the design parameters and their levels, experiments are then performed to identify the characteristics of the design. Experiments should be performed only when appropriate orthogonal arrays have been selected, based on the design parameters and the number of levels, and when distribution on the orthogonal array has been completed. From these characteristics, average values of design parameters for each level could be calculated, and the sensitivity and influence of the characteristics on each design parameter can be considered for the determination of optimal design parameter values [18] .
In this study, we chose time mean velocity (U c ), turbulence intensity (u Table 2) .
As design parameters, we selected free-stream velocity (U o, ), groove depth (k), number of grooves (n), and groove angle (h). When a certain design parameter level needed subdivision for the selection of optimal levels, the Taguchi method was again applied to that design parameter. For the circular cylinder, we used aluminum cylinders with diameter (d) 40 mm, and grooves were created using a 5-axial precision metal-working machine. The shape of the circumference on which grooves were made is like Fig. 2 . The depths of grooves were set out at 0.5%, 1.25%, and 2.5%. A fixed groove width (w) value of 3.2 mm (w/d ¼ 8%) was applied, and a fixed groove pitch (p) of 11 deg was applied, following the example of other studies [9, 10, 19, 20] in which more or less than 1% of depth, 8% of width, and 11 deg of pitch were used. The angles (h) of grooves were measured clockwise from the line X.
In order to draw an optimal value of design factor, near-wake flow field was measured at different angles after making grooves on a part of the circumference. An optimal design angle was determined by the optimal analysis of Taguchi method on velocity data (U c , u 0 c , v 0 c , uv max ) measured at wake flow field. Finally, grooves were symmetrically created on the surface of a circular cylinder at the optimal angle and we measure wake flow field and boundary layer flow field of a circular cylinder, which are compared with that of a circular cylinder with smooth surface. Wake flow was measured using PIV (0.5d X 3d) and X-type hotwire (X ¼ 5d), and boundary layer flow was measured by I-type hot-wire.
In this study, we used four design parameters {U o , k, n, h} for the application of the Taguchi method without a groove width (w) or groove pitch (p). For each design parameter, three levels were defined as shown in Table 3 .
L 27 (3 6 ) was used for the orthogonal array, which is commonly used at three levels.
Experimental Setup.
The values of the characteristics were measured during a wind tunnel experiment. The wind tunnel created in this study was an open loop, suction-type, subsonic wind tunnel with a measurement zone of 305 mm Â 305 mm (width Â height). The measurement points were selected on the central line of the circular cylinder at 8 mm intervals from X ¼ 5d, within the range of Y ¼ þ3d$À3d, and the velocity was measured using X-type hot wire. Data acquisition and the movement of hot wire were controlled online through a PC, and all the acquired data was processed using an offline program. Figure 3 shows the diagram of the measuring system.
The near wake of circular cylinder was measured using PIV. PIV system used in this study consists of laser system, high resolution CCD camera, synchronizer (TSI 610,032) and a computer to drive the system. The laser used as light source is Nd:Yag laser in double pulse way, and the power is 250 mJ. The resolution of the CCD camera is 1 K Â 1 K, and the space between frames is less than 35 ls. Lens is NIKON 50 mm standard lens, and f2.8 diaphragm value was used in image acquisition. The particle used here is olive oil aerosol using Raskin nozzle and the average diameter of the particle is 2 lm. Table 5 . Figure 4 shows the factorial effect graphs of DU, Du 0 , Dv 0 , Duv. From these graphs, four design parameter levels for optimal design were selected. The free-stream velocity factor, U o , is not an important factor but was used as a reference factor for the evaluation of the performance of design parameters. Since the respective maximum and minimum values of U o is different among the four characteristics, we chose the median value at level 2.
When determining the optimal level of the depth of a groove (k) for the reduction of drag, it was observed that the value of DU increased as the value of k became greater. This means that drag decreased as the value of k became greater, and Du 0 , Dv 0 , and Duv, which are related to the intensity and energy of the vortex shedded to the wake, were not influenced much by the change of k value, indicating that the vortex shedding in the wake did not influence the structure significantly. Only the value of Du 0 decreased a little bit proportional to the value of k. Therefore, we selected level 3 of the depth of groove (k) based on these findings.
DU was greatest when the number of grooves (n) was four and Du 0 , Dv 0 , and Duv are at maximum suggesting that level 3 (n ¼ 4) was the optimal level. Since the difference of its value from the value when n ¼ 3 was small, level 2 (n ¼ 3) was also considered in view of the cost of metal-working and economy.
Since DU increased until the angle of the groove (h) increased up to 70 deg and decreased thereafter, the optimal angle should be more or less 70 deg. In view of the turbulence intensity of wake 
As described above, the levels of the angle h needed to be subdivided to determine the optimal level. h ¼ 90 deg was disregarded, since this angle did not have much effect on the values of characteristics. The optimal angle level was selected by further dividing the range into six levels and applying the Taguchi method again. The parameters, {n, h}, were used while maintaining U o at level 2 (10 m/s) and k at level 3 (1.0 mm). The level was defined as the combined levels of n ¼ level 3 and h ¼ level 5, as shown in Table 6 . Their factorial graphs are shown in Fig. 5 .
h ¼ 60 deg was selected as the optimal angle since DU is at maximum and Du 0 and Dv 0 are at minimum when h ¼ 60 deg, as shown in Fig. 5 . In conclusion, the values of design parameters for optimal design were {k, n, h} ¼ {1.0 mm, 3 or 4, 60 deg}. An analysis was performed of the flow structure of the wake and the wall plane flow near the surface of the circular cylinder for the optimal geometry that was determined above. See Fig. 6 for average values of parameter h in 2nd DOE.
Wake and Surface Flow Analysis.
Creating the grooves diphycercally on the surface of the circular cylinder according to the selected optimal design conditions, the flow structure of the wake and the boundary-layer flow of the circular cylinder were analyzed compare to a smooth cylinder. The free-stream velocity (U o ) was set at 10 m/s.
An analysis of U/U o as the flow structure of the wake showed that the velocity loss was recovered by 12.3% and the wake width between 6y at 0.95U/U o was reduced by 18.4%. Momentum deficit, drag, calculated by momentum integral theory reduced by 28.2/%. In the analysis of u 0 /U o and v 0 /U o , turbulence intensity with a grooved cylinder decreased compared with a smooth cylinder. See Fig. 7 for comparison of wake flow characteristics.
The near-wake velocity field of circular cylinder was measured by PIV. As shown in Fig. 8 , which illustrates the instantaneous wake flow field of circular cylinder, wake width was narrowed in the circular cylinder with the grooves, as flow separation is delayed. The second large scale vortex roll-up found in smooth cylinder was not found in the cylinder with the grooves, showing that the Karman vortex street length is a little extended. It was found that the change of wake width is shown distinctively comparative in the ensemble average velocity field (Fig. 9) . Also in the case of Reynolds stress distribution (Figs. 10-12) , the circular (Fig. 13) .
The streamwise time mean velocity for each measurement angle is shown in Fig. 14 . A little effect of the grooves appears at, Transactions of the ASME U ¼ 65 deg but a greater recovery of surface velocity on the circular cylinder compared with the smooth cylinder appeared at around 71 deg. This is because momentum was supplied to the flow near the surface by separation bubbles inside the grooves and the turbulence generated by shear layer instability [21] . The separation phenomena appeared clearly at 82 deg on the surface of smooth cylinder while it appeared at around 100 deg on the circular cylinder. Such separation delay results in the decrease of wake width and drag. The streamwise turbulence intensity for each measurement angle is shown in Fig. 15 . As shown in the Fig. 15 , flow separation began to appear at U ¼ 76 deg on the surface of the smooth cylinder and the center of the turbulence shear layer at the maximum turbulence intensity appeared at around U ¼ 82 deg. On the contrary, formation of turbulence shear layer was delayed and its size decreased considerably due to the grooves when a grooved circular cylinder was used.
Conclusions
By using the Taguchi method, optimal design parameter values were determined for the grooves on a circular cylinder and grooves were created on the surface of a circular cylinder based on the optimal design values. We were able to comparatively analyze the wake flow of the circular cylinder with diphycercal grooves, and of the smooth cylinder. The boundary flow on the surface of the circular cylinder was also included in the analysis.
Using the time mean velocity and turbulence intensity as evaluation characteristics of wake flow, optimal design parameter values were selected: n ¼ 3, k ¼ 1.0 mm (k/d ¼ 2.5%), and h ¼ 60 deg. Optimal number of grooves was either three or four, but three was selected considering the cost of mechanical preparation of grooves and since the flow structure in the wake flow field was similar in both cases. The time mean velocity of the wake of the grooved circular cylinder recovered by 12.3% compared with the smooth cylinder and the wake width decreased by 18.4%. According to the result calculated by momentum integral theory, drag reduced by 28.2%.
Also, in near-wake flow field of the circular cylinder measured by PIV, change of wake flow field was shown due to delayed flow separation by the grooves.
Measurement of the flow near the surface of the cylinder indicated an appearance of flow separation on the smooth cylinder at around 82 deg but it appeared beyond 90 deg on a grooved circular cylinder, reducing the drag. 
